Chromium (Cr), Manganese (Mn), and Carbon (C) are well known alloying elements used in technologically important alloy steels and advanced high strength steels. It is known that binary CrC x and MnC x carbides can be formed in steels, but in this study we reveal for the first time that Cr and Mn were found combined in novel ternary cementite type (Cr,Mn)C carbides. Electron diffraction experiments showed that Cr, Mn, and C have formed two distinct carbide phases possessing orthorhombic and monoclinic crystal structures. Density functional theory (DFT) calculations were performed on these phases and excellent agreement was found between calculations and experiments on the lattice parameters and relative atomic positions. The calculations showed that the combination of Mn and Cr has resulted in a very high thermodynamic stability of the (Cr,Mn)C carbides, and that local structural relaxations are associated with carbon additions. Possible implications of these ternary carbides for novel applications in steel design and manufacturing are discussed.
Introduction
Soaring fuel costs, increased environmental concerns and improved safety regulations have fostered the demand for stronger and tougher materials in the automotive, shipping, military, chemical and aerospace industries. Multi phase (MP) steels exhibiting the TRIP (TRansformation Induced Plasticity) effect have raised much interest in recent years for providing a good balance of strength and ductility [1] [2] [3] [4] [5] . In addition to mechanical strength and formability, improved hardenability and wear resistance contribute towards the overall performance of the steel. The most effective way of enhancing the hardenabilty is achieved by addition of chromium [6] . Chromium (Cr) in steels acts as a ferrite stabilizer and helps in expanding the ferrite region in the phase diagram. Furthermore, it also has a tendency to combine with carbon (C) in iron to form carbides. The Cr atoms in low alloyed steels are found to replace Fe atoms in Fe 3 C to produce (Fe, Cr) 3 C carbides [7] .
Manganese (Mn) on the other hand has a high tendency to dissolve in α-Fe (ferrite).
Nonetheless, Manganese can also form carbides in steel which usually enters cementite (Fe 3 C) as (Fe, Mn) 3 C [7] . However, carbides in steels that contain both Cr and Mn have not been reported previously.
The Cr-Mn-C bulk phase system was investigated previously by Schuster and Nowotny [8] . Schatt [9] explained that Cr and Mn could mutually substitute one another and can form (Cr,Mn) 23 C 6 and (Cr,Mn) 7 C 3 type of carbides. Thermodynamic evaluation of the Fe-Cr-Mn-C system was also carried out by Lee [10] and the expected carbide phases in this system were reported, but not cementite type carbides involving both Cr and Mn. The known carbides with Cr and Mn are listed in Table 1 [11]- [18] . In this study, we report on the structure and chemical composition of two new ternary cementite type (Cr,Mn)C carbides found in multi-phase steel using transmission electron microscopy (TEM) and using quantum mechanical density functional theory (DFT) calculations.
Experiments and Methods

Material and sample preparation:
The chemical composition (wt.%) of the multiphase steel used in the present work is given in Table 2 . The material is produced on an industrial hot dip galvanising line using an intercritical annealing cycle, which is used generally for dual phase (DP) and transformation induced plasticity (TRIP) steels. The specimens for TEM investigation were initially grinded along the Normal Direction (ND)-Transverse Direction (TD) plane using SiC paper with roughness from 350 down to 4000 grit.
Electropolishing was carried out on the grinded samples in a twin-jet polisher using freshly prepared electrolyte having composition of 100 ml perchloric acid, 300 ml butanol and 500 ml methanol maintained at a temperature of -20 0 C.
TEM experimental details:
TEM analysis was carried out using CM 300T and CM 200 transmission electron microscopes operating at 300 kV and 200 kV to identify the microstructures and carbides. Energy Dispersive X-ray spectroscopy (EDX) was employed to investigate the chemical compositions of carbide phases. Selected Area Electron Diffraction (SAED), Convergent Beam Electron Diffraction (CBED) and Nano Beam Electron Diffraction (NBED) were employed to study the carbides in this steel and the orientations of the diffraction patterns were defined with respect to the electron beam.
Both SAD and CBED are carried out with 300T while NBED is carried out using CM 200 microscope. In SAED, a parallel beam of electrons is incident on the specimen, with the specimen field selected using a sub-specimen image-plane aperture. In CBED the electron beam is converged in the form of a cone focused onto the specimen. In principle, with this technique, one can perform a diffraction experiment over several incident angles simultaneously. Thereby it can reveal the full threedimensional symmetry of a crystal. NBED is a technique used to observe a diffraction pattern with sharp spots by using a narrow parallel electron beam illuminating a specimen area of about a few tens of nanometers in diameter.
For unit cell reconstruction using SAED and for CBED analysis, carbides located at the edge of grains (as shown in Figure 1b selected and were tilted to zone axis. All the diffraction patterns were recorded at room temperature on thin areas typically 10-40 nm thick found at the edges of the carbides. For the diffraction experiments a small spot-size (5-10 nm) was used with exposure times of 10-20 seconds. After each recording of a diffraction pattern, the specimens were cleaned using plasma cleaner in order to prevent carbon contamination rings in the diffraction patterns.
MSLS refinements:
The structure refinements were performed on several data sets of digitally recorded NBED patterns using the Multi-Slice Least Square (MSLS) refinement computer program package [19] [20] . Given that the diffraction patterns contain only 2-dimensional (2-D) data, a right zone axis was entered manually so as to convert the 2-D indices to the correct indices of the reflections. The intensity of each reflection is then integrated individually by the software and for every reflection, and the background level is subtracted. The intensity which is directly surrounding the reflection is taken as an estimate for the background intensity. MSLS software uses the resulting intensity data to perform a least-squares refinement of crystal structure parameters, based on a multi-slice algorithm taking dynamic scattering into account.
It is important to note that diffraction patterns from different zone axes and with different specimen thicknesses were used during the refinements, which is required for the refinement of the coordinates in 3-D. Further, reflection intensities of the individual data sets cannot simply be combined into one data set, as the reflection intensities depend on specimen thickness and misorientations [21] . Therefore, for each of the (2-D) data sets, the specimen thickness and misorientation were refined individually. During refinements of thickness and misorientations, we have used the DFT coordinates as an initial model so as to minimize the risk that the iterative MSLS procedure becomes trapped in a local minimum. Thereafter atomic coordinates, the temperature factors and the occupancies are refined for the combined data. The Rvalue was used as a measure of the correctness of the structure that is defined by I is the corresponding calculated intensity of reflection m. In general, an R-value of less than 6% suggests that the structure model is correct.
Results and Discussion
TEM Characterization:
Carbides of Cr and Mn were observed in ferrite (body-centered cubic iron) and martensitic microstructures of the multiphase steel and were initially surveyed using bright field imaging in TEM. Figure 1a shows carbides of (Cr,Mn)C found with Table 1 spots for CBED analysis [24] and in the International tables for crystallography [24] .
The comparisons indicate that the GM line along a (O) * is observed due to a glide plane and the GM line along c (O) * is observed due to a n glide plane as shown in 
and with P2 1 /c space group being a maximal non-isomorphic subgroup (t-subgroup) [24] [27] of Pnma space group . It is important to note that t-subgroup is the maximal group which is formed from the parent group by retaining the translational elements, but the order of the point group is reduced [24] [27].
MSLS Models and refinements:
Structure refinements were performed on several data sets of digitally recorded NBED patterns using the MSLS computer program package [19] [20] . Since O-carbide had lattice parameters and space group similar to cementite structure (Fe 3 C) [26] but an elongated b axis, interstitial positions were searched for additional C atom positions. Wyckoff sites for C at 4a position were found to be stable in this structure.
Therefore, we performed refinements by assuming random distribution over three possible atomic arrangements by considering Cr and or Mn metal atoms occupying the position of Fe at 4c and 8d sites and C atoms occupying 4c and 4a sites (Cr1 at 4c, Mn1 at 8d, C1 at 4c and C2 at 4a; Mn1 at 4c, Cr1 and Mn2 at 8d, C1 at 4c and C2 at 4a; Cr1 and Mn1 at 4c, Cr2 and Mn2 at 8d, C1 at 4c and C2 at 4a). The refined atomic coordinates, temperature factors, and occupancies of these models are given in Table   4 (Model A) and Table S2 (Model B and Model C) of the supplementary information (SI). In case of M-carbide which is related to O-carbide, Wyckoff sites for C at 2a
position were found to stable in this structure. Therefore, we performed refinements by assuming random distribution over three possible atomic arrangements by considering Cr and or Mn metal atoms occupying the 4e sites and C atoms occupying 4e and 2a sites (Cr1, Mn1, Cr2, Mn2, Cr3 at 4e, C1 at 4e and C2 at 2a; Mn1 Cr1, Mn1, Cr2, Mn2, Cr3, Mn3 at 4e, C1 at 4e and C2 at 2a; Cr1, Mn1, Cr2, Mn2, Mn3 at 4e, C1
at 4e and C2 at 2a). The refined atomic coordinates, temperature factors, and occupancies of these models are given in Table 6 (Model C) and Table S4 (Model A and Model B) of the supplementary information (SI). For the refinement of these models, the occupancy of some of the Cr and Mn sites was constrained, as it depends on the occupancy of C. For instance, in Table 4 , Cr1 and Mn1 positions cannot be occupied simultaneously, so their combined occupancy was constrained to 1.
The data corresponding to individual electron diffraction patterns such as specimen thickness and misorientations corresponding to specific zone axis were refined individually for both O and M carbides as shown in Table 3 , 5, S1 and S3 of SI.
Thereafter atomic coordinates, the temperature factors and the occupancies were refined for the combined data and the results of the refinements were displayed in Table 4 , 6, S2 and S4 of SI.
The average R value of all the data sets which gives correctness of the structure was calculated for O-carbide and was found to be 5.06% for Model A and 5.28% for Model B and 5.07% for Model C. While the average R-value for M-carbide was found to be 5.03% for Model A and 4.96% for Model B and 4.98% for Model C. An average R-value of less than 6% suggests that all the refined models strongly agree with the experimental observations.
DFT calculations:
In order to obtain more insight into the stability and crystal chemistry of O-carbide and M-carbide, density functional theory (DFT) calculations were performed. This approach has been successfully applied to study the crystal structures and relative stability of iron carbides [28] - [31] . The code Vienna Ab-initio Simulation Package (VASP) [28] was employed with the DFT within the Projector-Augmented Wave (PAW) method [33] [34]. The generalized gradient approximation (GGA) [35] was employed for the exchange and correlation energy terms [29] . The cut-off energy of the wave functions was 500 eV for the carbides. Reciprocal space integrations were carried out using a k-mesh of a 12×10×16 grid (378 k-points) in the irreducible Brillouin zone (BZ) of θ-L 3 X using the Monkhorst and Pack method [36] . That kmesh is also used for the θ'-L 3 X 1+x phases. Both the relative atomic positions, and the shape and size of the simulation cell (the lattice parameters) were allowed to relax in order to find the lowest-energy state of each structure considered. All carbide phases were calculated as if they are bulk (periodic boundary conditions apply to all simulation cells), and therefore interface energies or other interactions with the Fe matrix are not taken into account in the calculated energies.
DFT-Structure Models
Based on the abovementioned experimental results, we built structural models for the ternary MnCrC phases starting from the cementite phase, L 3 C. The structure of L 3 C as shown in Figure 5a (where L is a metal (Fe) atom) consisting of a distorted hcp-type L sub-lattice was initially considered with C being inserted in the octahedral sites of ordered arrangements [29] [30] [31] . In the orthorhombic structure of L 3 C, with space group Pnma, there are three types of atoms at different Wyckoff sites: L1 at 8d, L2 at 4c and C1 at 4c, with two large unoccupied sites (4a and 4b). DFT calculations showed that carbon atoms (C2) prefer occupying one of the 4a sites where the energy difference is greater than 1 eV which is in agreement with the structural optimizations as well as the work by Jiang for Fe 3 C 1+x [37] . Therefore, we used this configuration for the O carbide and corresponding structure model is given in Figure 5b .
Regarding the M-carbide, there are three independent ways to add carbon atoms into causes Mn/Cr ordering with Cr atoms preferably occupying 8d sites. Certainly Cr/Mn alloying is possible as shown in the case C in Table 3 , considering the contribution of configuration entropy at their high formation temperature. The calculations also show the impact of C2 addition and Mn/Cr ordering on the lattice parameters (models B and C in Table 3 ). Addition of one C2 at a 4a site increases the lattice parameters of the corresponding system. The largest deviation of the calculated lattice parameters is for the b-axis (~ -2.9 %) for case B, while that deviation is only -0.3% for case A.
While comparing the DFT results with the experimental results as shown in Table 7 , Tables S8-S9 
Formation and stability of the M-and O-phases in steels
In order to understand the formation mechanism of the O-and M-phases, we assess their stability by the definition of formation energy (ΔE) as following:
ΔE is the formation energy with respect to the elemental solids (Bcc Mn, Bcc Cr, and graphite) at zero K and zero Pa. It is also true that ΔE = ΔH at zero K and zero Pa when the zero-vibration contribution is ignored. showed that the formation energy of about 0.28 eV/unit cell or 0.070 eV/f.u. (f.u., formula unit) which is higher than the corresponding sum of the binary phases space group. Atomic refinements with MSLS showed an average R-value of less than 6% for both these structures with the DFT models strongly supporting the experimental observations. Remarkable Mn-Cr alloying leads to high thermodynamic stabilities of these ternary phases. Now that the presence of the novel carbides is disclosed, new steels may be designed whereby the size and concentration of the carbides is investigated to further improve steel performance. Tables   Table 1: List of known phases and structures with Cr, Mn and C Table 3 : Nano beam electron diffraction data used for the refinement of O-carbides using Model A in Table 4 . = 4 .55 Å, α = β = γ = 90°, R = 5.06%. The temperature factor of C2 was set to 0.1, since the occupancy and temperature factor of an atom (in this case C2) are generally strongly coupled in the refinement. Table 5 : Nano beam electron diffraction data used for the refinement of M-carbides using Model C in Table 6 . Table 6 : Refined parameters of M-carbide. Table S1 : Nano beam electron diffraction data used for the refinement of O-carbides using Model B
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and Model C in Table S2 . Table S2 : Refined parameters of O-carbide with Models B and C.
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